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MicroRNAs (miRNAs) are small, noncoding RNAs that regulate
expression of many genes. Recent studies suggest roles of miRNAs
in carcinogenesis. We and others have shown that expression
profiles of miRNAs are different in lung cancer vs. normal lung,
although the significance of this aberrant expression is poorly
understood. Among the reported down-regulated miRNAs in lung
cancer, the miRNA (miR)-29 family (29a, 29b, and 29¢) has intriguing
complementarities to the 3’-UTRs of DNA methyltransferase
(DNMT)3A and -3B (de novo methyltransferases), two key enzymes
involved in DNA methylation, that are frequently up-regulated in
lung cancer and associated with poor prognosis. We investigated
whether miR-29s could target DNMT3A and -B and whether res-
toration of miR-29s could normalize aberrant patterns of methyl-
ation in non-small-cell lung cancer. Here we show that expression
of miR-29s is inversely correlated to DNMT3A and -3B in lung cancer
tissues, and that miR-29s directly target both DNMT3A and -3B. The
enforced expression of miR-29s in lung cancer cell lines restores
normal patterns of DNA methylation, induces reexpression of
methylation-silenced tumor suppressor genes, such as FHIT and
WWOX, and inhibits tumorigenicity in vitro and in vivo. These
findings support a role of miR-29s in epigenetic normalization of
NSCLC, providing a rationale for the development of miRNA-based
strategies for the treatment of lung cancer.

epigenetics | tumor-suppressor genes

ung cancer is the leading cause of cancer mortality in the United

States, with an incidence of ~213,000 new cases per year and a
very high mortality (1). Despite new drugs and therapeutic regi-
mens, the prognosis for lung cancer patients has not significantly
changed in the last 20 years. Non-small-cell lung cancer (NSCLC)
accounts for ~80% of lung cancers. Surgery remains the main
therapy for NSCLC, but a large fraction of patients cannot undergo
curative resection. Innovative therapeutic strategies are urgently
needed for lung cancer treatment. Hypermethylation is responsible
for the silencing of tumor suppressor genes (TSGs) involved in
lung carcinogenesis, such as CDKN2A4 (2), CDH13 (2), FHIT (3),
WWOX (3, 4), CDHI (5), and RASSFI1A (5). Specific alterations in
DNA methylation patterns are hallmarks of human diseases and
therefore could represent specific targets for treatment (6, 7).
Methylation changes to the epigenome are controlled by DNA
methyltransferases (DNMTs), which catalyze the transfer of a
methyl group from the methyl donor S-adenosyl methionine onto
the 5’ position on the cytosine ring. Three catalytically active
DNMTs have been identified in mammals, Dnmt1, Dnmt3A, and
Dnmt3B (8). Dnmt3A and -3B proteins can introduce methyl
groups onto CG sites that were unmethylated on the parental
template strands of DNA (9). All DNMTs possess de novo meth-
ylation activity, but Dnmtl is inefficient in de novo methylation.
Once a DNA methylation pattern has been established, it is
maintained during DNA replication by the maintenance Dnmt1
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(10). The levels of DNMT1, DNMT3A, and DNMT3B mRNA are
reportedly elevated in various malignancies, including hepatomas,
prostate, colorectal, and breast tumors (11-14). More recently, the
mRNA levels of DNMTI and DNMT3B have been found to be
elevated in 53 and 58% of 102 NSCLCs, respectively (15), with
DNMTT levels independently correlated with prognosis in NSCLC
patients (15). Dnmtl, -3A, and -3B protein expression, assessed by
immunohistochemical analyses, also have been reportedly highly
expressed coordinately in lung tumors of smokers (16). In lung
squamous cell carcinomas, elevated Dnmtl expression has been
shown to predict a poorer prognosis, and elevated expression of
both Dnmt1 and Dnmt3B have been shown to be correlated with
hypermethylation of TSG promoters (16). A specific polymorphism
in the DNMT3B promoter, which significantly increases promoter
activity, has been associated with an increased risk of lung cancer
in a hospital-based, case-control study of 659 patients (17). The
inhibition of Dnmtl-mediated DNA methylation and histone
deacetylation reduced tobacco carcinogen-induced lung cancer in
mice by more than 50% (18).

MicroRNAs (miRNAs) represent a class of naturally occurring
small noncoding RNA molecules, distinct from but related to
siRNAs. Mature miRNAs are 19- to 25-nucleotide-long molecules
cleaved from 70- to 100-nucleotide hairpin pre-miRNA precursors
(19). In animals, single-stranded miRNAs bind, through partial
sequence homology, to the 3'-UTR of target mRNAs and cause a
block of translation or, less frequently, mRNA degradation (19).
Deviations from normal miRNA expression patterns play roles in
human diseases, including cancer, as reviewed elsewhere (20-23).
It has been demonstrated that expression of miRNA (miR)-29a,
-29b, and -29c is down-regulated in NSCLCs (24, 25). In this study,
we show that expression of miR-29s is inversely correlated to
DNMT3A and -3B expression in lung cancer tissues and that
miR-29s directly target both DNMT3A and -3B. The enforced
expression of miR-29s in lung cancer cell lines restores normal
patterns of DNA methylation, induces reexpression of methylation-
silenced TSGs, such as FHIT and WIWOX, and inhibits tumorige-
nicity both in vitro and in vivo.
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Fig. 1. Dnmt3A protein expression level in NSCLCs is inversely associated
with overall survival. Kaplan-Meier curve showing survival of 172 NSCLC
patients with different levels of Dnmt3A expression in tumors relative to
adjacent normal lung. Patients with higher expression of Dnmt3A had shorter
overall survival (P = 0.029).

Results and Discussion

To confirm the relevance of expression of DNMTs in lung cancer,
we assessed the expression of Dnmtl, -3A, and -3B proteins by
immunohistochemical analyses in 172 matched nonneoplastic/
cancerous lung tissues for which clinical features and time of
survival were available; as shown in Fig. 1, high-level expression of
Dnmt3A protein was significantly associated with lower overall
survival (P = 0.029). No statistically significant correlation with
survival was observed for Dnmtl or Dnmt3B in this patient
population.

To seek a link between altered miRNA expression profiles and
aberrant cancer genome methylation patterns, we chose to study
miRNAs that might target DNMT3A and -3B in NSCLC-derived
cells and in cancer tissues. We focused on the miR-29 family
because miR-29s have been shown previously to be down-regulated
in NSCLC (24, 25), and these miRNAs have intriguing comple-
mentarity to sites in the 3'-UTRs of DNMT3A and -3B genes, as
predicted by several in silico methods for target gene prediction
[PicTar (26), TargetScan3.1 (27), MiRanda (28), and miRGen (29)]
(Fig. 2). To validate these miRNA-target interactions, the
DNMT3A and -B complementary sites were cloned into the 3’-UTR
of the firefly luciferase gene and cotransfected with miR-29a, -b, or
-c in A459 (NSCLC) cells. As shown in Fig. 3a, all three miRNAs
significantly reduced the luciferase activity with respect to the
scrambled oligonucleotide. To assess whether ectopic expression of
individual miR-29 sequences induces down-regulation of endoge-
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Fig.2. Complementarity sites for miR-29s in the 3'-UTR region of DNMT3A and
-3B. The capital and bold letters identify perfect base matches, according to the
TARGETSCAN 3.1 software. The PicTar software identifies two additional match
regions between miR-29a and DNMT3B, indicated with an asterisk.
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nous DNMT3A and -3B mRNA levels, we performed quantitative
RT-PCR (qRT-PCR) for RNA from A549 and H1299 cells trans-
fected with scrambled RNA or with miR-29a, -29b, or -29¢. Results
are shown in Fig. 3b, Upper; similar results were observed for H1299
cells (data not shown). Overexpression of individual miR-29s
induced marked reduction of DNMT3A and -3B mRNA levels. On
the other hand, silencing of miR-29s with antisense molecules
induced up-regulation of DNMT3A and -3B mRNA levels (Fig. 3b,
Lower). To demonstrate that overexpression of miR-29s results in
reduction of Dnmt3A and -3B at a protein level, we used a GFP
reporter vector, QBI-GFP25. Briefly, we cloned the 3'-UTRs of
DNMT3A and -B downstream of the GFP-encoding sequence of the
QOBI-GFP25 vector, allowing expression of a fusion GFP protein
containing the 3'-UTR of DNMT3A or -B. A549 cells were co-
transfected with the GFP-3A/3B-3’-UTR vector plus miR-29a,
-29b, -29¢, or scrambled oligonucleotide. Marked reduction in GFP
protein expression was observed in cells transfected with miR-29s
(Fig. 3c), especially GFP-3B-3'-UTR protein; the protein expres-
sion results were in accordance with the qRT-PCR results shown in
Fig. 3b, in which endogenous DNMT3B mRNA was more signifi-
cantly reduced by expression of miR-29s, possibly due to more
predicted match “seeds” between miR-29s and the 3B 3'-UTR
(three for 29a, one for 29b, one for 29c¢) than the 3A 3’-UTR (one
for each miR-29); also the three different predicted sites for
miR-29a differ from -29b/c matches by only one base, possibly
allowing partial interaction of the 3B 3’-UTR miR-29a sites with
miR-29b and -29c¢. Thus, the transfection with any member of the
miR-29 family may result in more robust silencing of DNMT3B than
DNMT3A, according to the “coordinate principle” that miRNAs
may act cooperatively through multiple target sites in one gene (28,
30). To show a direct, functional interaction of the DNMT3B
3'-UTR with miR-29b, we used a recently described detection
method (31) by which we showed that the endogenous miR-29b, at
the PicTar-predicted site of interaction with 3’-UTR (26), was able
to function as a “natural” primer to initiate the retrotranscription
of DNMT3B mRNA (Fig. 3d).

Next we asked whether DNMT3A and -B mRNA expression was
inversely correlated with levels of miR-29s in NSCLC tissues; 14
NSCLCs were analyzed for expression levels of DNMT3A4 and -B
mRNAs and for miR-29a, -29b, and -29¢ expression by qRT-PCR
(32). A statistically significant inverse correlation (Fig. 4) was
observed between DNMT34 mRNA and miR-29a (P = 0.02) and
miR-29¢ (P = 0.02). A similar inverse correlation was observed for
DNMT3B mRNA levels and miR-29a (P = 0.02) and miR-29c (P =
0.04). Although there was a trend toward inverse correlation of
DNMT3A and -3B mRNA levels with miR-29b level, the association
was not statistically significant; this may be due either to the small
number of patients we analyzed or to the fact that whereas miR-29a
and -29c are transcribed from only one chromosomal location, on
chromosome 7 and 1 respectively, mature miR-29b is transcribed
from two different primary transcripts on different chromosomes,
the miR-29b-1/miR-29a cluster on 7q32.3 and the miR-29b-2/miR-
29c cluster on 1q32.2. The probe used by qRT-PCR to determine
the mature product of miR-29b is unable to distinguish between the
29b-1 or 29b-2 gene products.

The observation that miR-29s target DNMT3A and -B sug-
gested that expression of these miRNAs contributes to the DNA
epigenetic modifications in cancer. To address this issue, we
transfected A549 cells with miR-29a, miR-29b, miR-29c¢, or
scrambled oligonucleotides and analyzed global DNA methyl-
ation 48 and 72 h later by using an liquid chromatography—
tandem MS method (33). As shown in Fig. 5a, all three miR-29s
reduced global DNA methylation with respect to the control.
The effect was most robust for miR-29b, with a reduction of 30%
after 48 h and 40% after 72 h. The percentage of global
methylation reduction observed in cells treated with miR-29b is
comparable with that observed with Dnmt1 inhibitors, such as
decitabine (33), and is partial with either approach. We hypoth-
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Fig. 3. MIiR-29s directly target DNMT3A and -B. (a) Results of the luciferase assay for DNMT3s expression after transfection with miR-29s in A549 cells. (b) (Upper)
Assessment of expression of DNMT3A and DNMT3B mRNAs by qRT-PCR, after transfection of A549 cells with miR-29s or a negative control. (Lower) Silencing of miR-29s
with antisense molecules (AS) induces increased expression of DNMT3A and DNMT3B mRNA. (c) Western blot of proteins extracted from A549 cells that were
cotransfected with the GFP repression vectors for the DNMT3A and -B—3’-UTR plus miR-29s or scrambled (Scr) oligonucleotides. (d) miR-29b acts as an endogenous
primer to retrotranscribe its predicted DNMT3B mRNA target. Black, DNMT3B ¢cDNA (GenBank accession no. NM_175848); blue, cloned and sequenced cDNAs
experimentally obtained (eight clones analyzed); red, deduced RNA sequences and corresponding miR-29b. The upper underlined black and blue nucleotides have no
homology between target and experimental cDNAs. The lower underlined red nucleotides represent RNA sequence complementary to cDNAs that lack homology to

the miR-29b sequence. Nucleotides in bold represent the PicTar-predicted match site.

esize that a more robust global DNA hypomethylation could be
achieved combining decitabine (or other nucleoside analogs)
with miR-29s, therefore blocking both de novo and maintenance
DNMT pathways. To characterize the effects of the methylation
changes on gene expression, we analyzed the mRNA expression
levels of two TSGs, FHIT and WWOX, which are frequently
silenced by promoter methylation in lung cancer (3). As shown
in Fig. 5b, Upper, 48 h after transfection of A549 cells, FHIT
expression was increased by miR-29a, -29b, and -29¢ expression
by ~65, 89, and 74%, respectively, and the WIVOX mRNA level
was increased by ~40 and 60% by miR-29a and -29b, respec-
tively; a similar trend was observed in H1299 cells (Fig. 5b,
Lower). Increased expression of both Fhit and Wwox proteins
was also observed in both cell lines (Fig. 5¢). To determine
whether miR-29s regulated the expression of FHIT and WWOX
by altering promoter methylation of these genes, we examined
the methylation status of the regulatory region of FHIT and
WWOX by using the MassARRAY system (34) (quantitative
high-throughput DNA methylation analysis) in A549 and H1299
cells transfected with miR-29b. Two bisulfite reactions (one for
each gene CpG island) were designed, which covered 7 CpGs and
11 CpGs for FHIT and WWOX, respectively. In miR-29b-
transfected H1299 and A549 cells, the MassARR AY analysis for
FHIT showed an average reduction of 19.1 and 54.3% methyl-
ation, respectively, whereas for WWOX in H1299 showed an
average reduction of 32.1% compared with the scrambled oli-
gonucleotide (Fig. 5d). Finally, we assessed the effects of reex-
pression of miR-29s on tumorigenicity of A549 cells. The ectopic
expression of miR-29s in A549 inhibited in vitro cell growth (Fig.
6a) and induced apoptosis with respect to the scrambled control
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transfection (Fig. 6b). The inhibitory effect of miR-29s on A549
tumorigenicity was also observed in vivo. Transfection with
miR-29s inhibited the growth of A549 engrafted tumors with
respect to mock and scrambled oligo transfected cells (Fig. 6
c—e), thus illustrating a likely antineoplastic effect of these
miRNAs. Given the high number of mRNAs targeted by miR-
29s, which includes well known oncogenes such as TCL1 (35) and
MCL1 (36), the reactivation of TSGs by demethylation could
represent another mechanism through which miR-29s exert their
oncosuppressor function. The present study did not address the
relative contribution of these two mechanisms to induce an
antitumoral effect but confirmed a role of miR-29s as oncosup-
pressor genes both in vitro and in vivo.

In summary, this study has shown that expression of miR-29
family members is inversely correlated with DNMT3A4 and -3B
expression in lung cancers and that these miRNAs down-modulate
expression levels of both enzymes. Furthermore, enforced expres-
sion of these miRNAs in lung cancer cells leads to reduced global
DNA methylation, restores expression of TSGs, and inhibits tu-
morigenicity both in vitro and in vivo. Results of this study provide
a strong rationale for developing epigenetic therapies that use
synthetic miR-29s, alone or in combination with other treatments,
to reactivate tumor suppressors and normalize aberrant patterns of
methylation in lung cancer. Because loss of expression of miR-29
family members is observed in other common human malignancies,
this approach may be extended to the treatment of other human
malignancies.

Materials and Methods

Tissues. We obtained 172 lung cancer samples, including squamous
cell, adeno-, large-cell, and neuroendocrine large-cell carcinomas,
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Fig.4. Correlation of endogenous miR-29 levels with DNMT3A/B mRNA levels.
Inverse correlation between endogenous mRNA levels of DNMT3A and DNMT3B
and endogenous levels of miR-29s determined by qRT-PCR in 14 NSCLGs. R,
regression coefficient; [J, regression line; ®, actual sample correlations.

collectively referred to as NSCLCs, from the Pathology Core
Facility at the Ohio State University to perform tissue microarrays
(TMAs) for DNMTs expression. Clinical features (histological
diagnosis, sex, age, tumor node metastasis status, and survival time)
were available for these patients.

Primary lung cancer tissues (eight squamous carcinomas and six
adenocarcinomas) for performing qRT-PCR analysis were pur-
chased from the Cooperative Human Tissue Network-Midwestern
Division (Columbus, OH). Total RNAs were isolated by TRIzol
(Invitrogen, Carlsbad, CA) extraction, according to the instructions
of the manufacturer.

TMAs. Each array contained four samples of each lung cancer, along
with multiple appropriate lung and other normal tissue spots. The
TMAs, usually two for each antiserum, were stained with antisera
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against Dnmt1, Dnmt3A, and Dnmt3B proteins, and expression of
each of these enzymes in lung cancer was compared with clinical
features to seek significant correlations. Dnmtl, Dnmt3A, and
Dnmt3B protein expression was assessed on the lung cancer TMAs
by using Dnmtl antiserum (GTX13537; GeneTex, San Antonio,
TX) at a dilution of 1:150, Dnmt3A antiserum (ab-4897; Novus
Biologicals, Littleton, CO) at a dilution of 1:25, and Dnmt3B
antiserum (AP1035a; Abgent, San Diego, CA) at a dilution of 1:32.
Sections (4 wm) from TMA blocks were placed on positively
charged slides, placed in a 60°C oven for 1 h, cooled, deparaffinized,
and rehydrated through xylene and graded ethanol solutions to
water. Slides were quenched for 5 min in 3% hydrogen peroxide to
block endogenous peroxidase. Antigens were retrieved in TRS
(Dako, Carpinteria, CA) solution at 95°C for 25 min. Slides were
exposed to primary antisera for 1 h at room temperature and to
secondary antisera (1:200) for 20 min at room temperature; sec-
ondary antisera were goat anti-mouse for Dnmtl and goat anti-
rabbit for Dnmt3A and -3B. All slides were blocked for endogenous
biotin before application of the biotinylated secondary antisera.
Chromogen detection was with a Vectastain Elite (catalog no.
PK-6100; Vector Laboratories, Burlingame, CA) for 30 min. The
substrate chromogen was DAB+ (catalog no. K3468; Dako). Slides
were counterstained with hematoxylin, dehydrated through graded
ethanol solutions, and coverslipped.

TMAs were read and scored by a pathologist who was blinded to
clinical features; expression scores were determined by multiplying
the percentage of positive cells in an individual sample by the
intensity of staining; the intensity of staining was assessed on a scale
from 1 to 3, where 1 was the least intense staining and 3 was the
most intense. For example, a sample with 10% positive cells with
intensity 3 was assigned a score of 30, the same score as a sample
with 30% positive cells with intensity 1.

qRT-PCR. qRT-PCR analysis for miRNAs was performed in
triplicate with the TaqMan MicroRNA assays kit (Applied
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Fig.5. Effect of restoration of miR-29s on the cancer cell epigenome. (a) Global DNA methylation changes induced by miR-29s on A549 cells harvested 48 and
72 h after transfection. The results are compared with nontransfected (mock) cells and cells transfected with a scrambled oligonucleotide. (b) Determination of
FHIT and WWOX mRNA levels in A549 and H1299 cells 48 h after transfection with miR-29s or a negative control by gRT PCR; miR-29s induced reexpression of
FHIT and WWOX mRNA:s. (c) Immunoblot of Fhit and Wwox proteins in A549 and H1299 cells 72 h after transfection with miR-29s or negative control; by 72 h,
miR-29s induce increased expression of Fhit and Wwox proteins. The numbers above the immunoblot images represent the intensity of the bands relative to the
GAPDH gene (upper row, Fhit; lower row, Wwox). (d) Graphical representation of the quantitative DNA methylation data for FHIT and WWOX promoter region
by using the MassARRAY system. Each square represents a single CpG or a group of CpGs analyzed, and each arrow represents a sample. Methylation frequencies
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Fig. 6.

Effects of miR-29s on tumorigenicity of A549 cells. (a) Growth curve of A549 cells transfected in vitro with miR-29s or scrambled oligonucleotide or

mock-transfected. (b) Percentages of live cells were measured in A549 cells transfected with scrambled oligonucleotide or with miR-29s oligonucleotides (100
nM final concentration). (c) Growth curve of engrafted tumors in nude mice injected with A549 cells pretransfected (48 h before injection) with miR-29s,
scrambled oligonucleotides, or mock transfected. (d) Comparison of tumor engraftment sizes of mock-, scrambled-, and miR-29s-transfected A549 cells 21 days
after injection in nude mice. The images show average-sized tumors from among five of each category. (e) Tumor weights = SD in nude mice.

Biosystems, Foster City, CA) according to the instructions of the
manufacturer, and 18S RNA was used for normalization; qRT-
PCR analyses for other genes of interest were performed as
described previously (32). RNA was reverse transcribed to
cDNA with gene-specific primers and IQ SYBR Green Super-
mix (Bio-Rad, Hercules, CA). GAPDH served as normalization
control. For the silencing of miR-29s, A549 and H1299 cells were
transfected in six-well plates by using Lipofectamine 2000 re-
agent (Invitrogen) according to the protocol of the manufac-
turer, with 100 nM (final) antisense miR-29a, -29b-1, -29c, or
scrambled antisense miR (Fidelity Systems, Gaithersburg, MD).

Cell Culture. A549 and H1299 lung cancer cells from the American
Type Culture Collection (Manassas, VA) were maintained in
RPMI medium 1640 with 10% FBS and antibiotics (100 units/ml
penicillin and 100 pg/ml streptomycin).

Luciferase Reporter Assay for Targeting DNMT 3’-UTRs. For luciferase
reporter experiments, a DNMT3A 3'-UTR segment of 979 bp and
aDNMT3B 3'-UTR segment of 978 bp were amplified by PCR from
human genomic DNA and inserted into the pGL3-control vector
with simian virus 40 promoter (Promega, Madison, WI) by using the
Xbal site immediately downstream from the stop codon of lucif-
erase. The following sets of primers were used to generate specific
fragments: DNMT3A-UTR forward, 5'-GCTCTAGACGA-
AAAGGGTTGGACATCAT-3’; DNMT3A-UTR reverse, 5'-
GCTCTAGAGCCGAGGGAGTCTCCTTTTA-3'; DNMT3B-
UTR forward: 5'-GCTCTAGATAGGTAGCAACGTGGCT-
TTT-3"; DNMT3B-UTR reverse, 5'-GCTCTAGAGCCCCA-
CAAAACTTGTCAAC-3'. Underlined sequences indicate the
endonuclease restriction site.

The amplified 3'-UTR of DNMT3A contains an Xbal restriction
site in position 583; therefore, we cloned separately the upstream
3’-UTR (DNMT3A 3'-UTR up fragment, 583 bp) and the down-
stream fragment (DNMT3A 3'-UTR down fragment, 396 bp) into
the pGL3 vectors. The predicted match seed of miR-29s is located
in the DNMT3A4 3'-UTR down fragment, which was used to
perform the luciferase assay.

AS549 cells were cotransfected in 12-well plates by using Lipo-
fectamine 2000 reagent (Invitrogen) according to the protocol of
the manufacturer, with 0.4 ug of the firefly luciferase report vector
and 0.08 pg of the control vector containing Renilla luciferase
pRL-TKvector (Promega). For each well, 100 nM (final) precursor
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miR-29a, -29b-1, -29¢, or scrambled miRNA (Ambion, Austin, TX)
was used. Firefly and Renilla luciferase activities were measured
consecutively by using dual-luciferase assays (Promega) 24 h after
the transfection. The experiments were performed in triplicate.

GFP Repression Constructs to Assess Effect of DNMT 3’-UTRs on
Protein Expression. For GFP repression, a DNMT3A 3'-UTR seg-
ment of 1472 bp and a DNMT3B 3'-UTR segment of 1566 bp
(corresponding to the entire length of the 3’-UTRs) were amplified
by PCR from human genomic DNA and inserted into the AFP
pQBIi25F vector (Qbiogene, Irvine, CA) by using the BamHI-Hind
III cloning sites located 3" of the GFP encoding sequence of the
vector (which has no stop codon at the end of the GFP coding
sequence). The following primer sets were used to generate specific
fragments: DNMT3A-GFP forward, 5'-CGGGATCCGCAG-
GATAGCCAAGTTCAGC-3'; DNMT3A-GFP reverse, 5'-
CCCAAGCTTAAGTGAGAAACTGGGCCTGA-3'; DNM-
T3B-GFP forward, 5'-CGGGATCCCTCGATCAAACAGGG-
GAAAA-3"; DNMT3B-GFP reverse: 5'-CCCAAGCTTGT-
TACGTCGTGGCTCCAGTT-3'. Underlined sequences indicate
the endonuclease restriction site.

A549 cells were cotransfected in 12-well plates by using Lipo-
fectamine 2000 reagent (Invitrogen) according to the protocol of
the manufacturer, with 2 ug of the GFP repression vector contain-
ing the 3’-UTR of DNMT3A4 (QBI-GFP25-DNMT3A) or the
3’-UTR of DNMT3B (QBI-GFP25-DNMT3B) and with 100 nM
(final) precursor miR-29a, -29b-1, -29c, or scrambled oligonucleo-
tide (Ambion). As an additional control, a group of cells was also
transfected with the GFP vector (no miRNA). Cells were harvested
after 24 h. Protein extraction and immunoblot analysis were per-
formed as described previously (4). The following primary anti-
serum was used: rabbit polyclonal anti-GFP (1:1,000; Novus Bio-
logicals, Littleton, CO).

Detection of miR-29b—-DNMT3B RNA Complexes. To detect miR-29b—
DNMT3B RNA complexes, we used the method described by
Vatolin et al. (31) to determine whether endogenous miR-29b was
able to serve as primer for retrotranscription of DNMT3B mRNA
in A549 cells. The cDNAs were cloned in pCR2.1-TOPO vector
(Invitrogen). The following sets of primers and adapter sequence
were used (GSP indicates gene-specific primer): GSP-DNMT3B,
5'-GAGATGACAGGGAAAACTGC-3'; GSP-DNMT3B 5N, 5'-
ACAGGGAAAACTGCAAAGCT-3'; adapter, 5'-CGACTGG-
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AGCACGAGGACACTGACATGGACTGAAGGAGTAG-
AAA-3'; adapter 5N, 5'-CTGAAGGAGTAGAAA-3'. Primers
designated as SN represent nested primers from the adapter and
GSP sequence used to sensitize the detection of the PCR bands.

Global Methylation Studies. The global methylation status of A549
cells after transfection with scrambled miRNA and with miR-29s
was determined as described previously (33). For this assay, 2 X 10°
A549 cells were transfected as described above for the luciferase
assay and collected 48 and 72 h later.

Quantitative DNA Methylation. Quantitative DNA methylation anal-
ysis of the regulatory regions of FHIT and WWOX was performed
by using the EpiTYPER methylation analysis assay (Sequenom,
San Diego, CA). Two bisulfite reactions (one for each gene CpG
island) were designed, which covered 7 CpGs and 11 CpGs for
FHIT and WWOX, respectively. The DNA of scrambled- or miR-
29b-transfected A549/H1299 was extracted 48 h after the transfec-
tion and 1 ug of DNA was bisulfite treated, in vitro transcribed,
cleaved by Rnase A, and subjected to MALDI-TOF MS analysis to
determine methylation patterns, as described previously (34). The
following primers were used to amplify the regulatory regions of the
FHIT and WWOX genes: FHIT forward, 5'-GGGGAGGTA-
AGTTTAAGTGGAATATTGTT-3'; FHIT reverse, 5'-CAC-
CCCCAAAACCAAAAACTATAAC-3'; WWOX forward, 5'-
TTGAAAGAAAGTTTTTTAAAATTAGGAAAT-3'; WWOX
reverse, 5"-TCAAAAAAACAAAACCTAAAAAAAA-Z.

The heat map in Fig. 5d was created by using Heatmap builder
version 1.0 by Stanford University.

Western Blot Analysis for Fhit and Wwox Proteins. Protein extraction
and immunoblot analysis were performed as described previ-
ously (4). The following primary antisera were used: rabbit
polyclonal anti-Fhit (1:1000; Zymed, San Francisco, CA); mouse
monoclonal anti-Wwox (1:500), as described in ref. 4. Quanti-
fication of Fhit, Wwox, and Gapdh signals was performed by
densitometry with a Personal Densitometer SI (Molecular Dy-
namics, Sunnyvale, CA) and IMAGEQUANT 5.2 software
(Image Products International, Chantilly, VA).

Cell Growth Curve. A549 cells (5 X 10%) were plated in 6X multiwell
plates and transfected, after 24 h, with scrambled oligonucleotides
or miR-29s oligonucleotides from Ambion at a final concentration
of 100 nM, with Lipofectamine 2000 (Invitrogen), according to the
protocol of the manufacturer. Nontransfected (mock) cells were
included as a control. Cells were harvested and counted at 24-h
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intervals by using a ViCell counter (Beckman Coulter, Fullerton,
CA). Each sample was run in triplicate.

Apoptosis and Flow Cytometric Studies. A549 cells (2 X 10°) were
transfected with scrambled oligonucleotides or miR-29 oligonucle-
otides (Ambion) at a final concentration of 100 nM, with Lipo-
fectamine 2000 (Invitrogen), according to the protocol of the
manufacturer. After 24 h, cells were resuspended in binding buffer
containing annexin V-FITC and propidium iodide according to the
instructions of the supplier (BD Biosciences, San Diego, CA) and
assessed by flow cytometry by using a model EPICS XL cytometer
(Beckman Coulter). Each sample was run in triplicate.

In Vivo Studies. Animal studies were performed according to
institutional guidelines. A549 cells were transfected in vitro with 100
nM (final concentration) scrambled oligonucleotides or miR-29a,
-29b, or -29¢ or were mock transfected by using Lipofectamine 2000
reagent (Invitrogen), according to the protocol of the manufac-
turer. At 48 h after transfection, 3 X 10° viable cells were injected
s.c. into the left flanks of 6-wk-old female nude mice (Charles River
Breeding Laboratories, Wilmington, MA), five mice per group.
Tumor diameters were measured after 7 days from injection and
then every 5 days. At 21 days after injection, mice were killed and
tumors were weighted after necropsy. Tumor volumes were deter-
mined by using the equation V (in mm®) = 4 X B?/2, where A is
the largest diameter and B is the perpendicular diameter.

Statistical Analysis. P values were two sided and obtained by using
the SPSS 10.0 software package (SPSS, Chicago, IL). Overall,
survival was calculated from the time of diagnosis until the date of
last follow up. Data were censored for patients who were alive at the
time of last follow up. To perform the survival analysis and generate
a Kaplan-Meier plot, Dnmt1l, Dnmt3A, and -B levels measured by
immunohistochemical staining were converted to discrete variables
by splitting the samples into two classes [high and low expression,
according to the DNMT score <10 (low) or >10 (high)]. Survival
curves were obtained for each group and compared by using the
log-rank test. To assess correlation between miRNA expression and
DNMT expression, we used Pearson correlation and linear regres-
sion analysis (SPSS package; SPSS). These functions examine each
pair of measurements (one from the miRNA and the other from
DNMTs) to determine whether the two variables tend to move
together or in the opposite direction, that is, whether the larger
values from the miRNA (high expression) are associated with the
lower values from DNMT expression.
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